ABSTRACT Cicadellids (Homoptera: Cicadellidae) are occasional pests of vineyards in temperate areas, and unchecked populations can build up to high densities to cause leaf burn followed by defoliation and yield loss. Therefore, an optimal sampling scheme would allow determination of risk at minimal cost. Because the development of leafhopper nymphs and feeding injury is closely tied to temperature, a model driven by the accumulation of degree-days was developed to predict leafhopper cumulative abundance at 5, 50, and 95% levels in vineyards. The model was based on 22 data sets collected over 7 yr in three vineyards in southern Quebec. It was based on the cumulative abundance of nymphs of the eastern grape leafhopper; the grapevine leafhopper; the threebanded leafhopper; the Virginia creeper leafhopper; and Erythroneura vitifex Fitch. The lower threshold temperature for development was 8ЊC. Paired t-tests and the forecasting efÞciency conÞrmed the validity of the model. The model indicated that monitoring for leafhoppers in vineyards should be initiated at 630 DD (5% cumulative abundance) and terminated at 1,140 DD (95% cumulative abundance). Maximum abundance would be between 850 and 860 DD (50% cumulative abundance) calculated from 1 March.
In recent years, the acreage of vineyards in cultivation and value increased considerably in North America. In Canada, a sustained increase of 16.7% was recorded for the years 1991Ð1995 versus 1999 and 6.7% increase for the years 1997Ð2000 versus 2001. In the United States, the increase for the same periods were 13.4 and 9.7%, respectively (Wine Institute 2006) . Vineyards are attacked by a number of arthropod pests and diseases that require sound and efÞcient protection programs. Among the arthropod pests, leafhopper nymphs and adults cause direct damage to grape leaves during feeding by puncturing leaf cells and reducing the photosynthetic productivity of individual cells. Unchecked leafhopper populations can build to such high densities that all damaged leaves dry up, resulting in sunburned leaf clusters, leaf abscission, and eventually severe yield losses (Daane et al. 2005) . Leafhoppers have also been identiÞed to transmit plant pathogens (Weintraub and Beanland 2006) . For example, PierceÕs disease in grapes is caused by the bacterium Xylella fastidiosa, and it is transmitted by different genera of sharpshooters (Cicadellidae) and spittlebugs (Cercopidae). Hence, efÞcient and sustainable ciccadellid management programs are needed. To achieve such programs tailored for a given geographic or agronomic area, knowledge of cicadellid dynamics is essential because leafhopper development and feeding injury is closely related to temperature. Thus, across southern Europe, Empoasca vitis (Gö the) is the most abundant cicadellid and a major pest of grapes (Schvester et al. 1962 , Mazzoni et al. 2001 . In northern Europe, it has been troublesome in some regions (Lehmann et al. 2001 ) and virtually harmless in other regions (Hermann et al. 2000, Bö ll and Hermann 2004) . It is a problem in northern Italy but of minor importance in central Italy (Ponti et al. 2005) .
In Quebec, Bostanian et al. (2003) reported 59 species of cicadellids in commercial vineyards. Among these species, only the eastern grape leafhopper, Erythroneura comes (Say); the grapevine leafhopper, Erythroneura vitis (Harris); the threebanded leafhopper, Erythroneura tricincta Fitch; Erythroneura vitifex Fitch; the Virginia creeper leafhopper, Erythroneura ziczac Walsh; and the potato leafhopper, Empoasca fabae (Harris) are of possible economic importance. In Quebec, the growing season is short with cool summers and cold winters (Bostanian et al. 2003) . Hence, a single species of cicadellids may not pose a recurrent and severe threat to Quebec vineyards as in hot and dry areas. Nevertheless, efÞcient tools are needed to estimate the cumulative abundance of leafhopper nymphs that would cause leaf drop that culminate in yield losses. In this respect, growers had expressed concerns that fewer or no insecticide treat-ments against insects, notably the grape berry moth, Endopiza viteana Clemens (Lepidoptera: Tortricidae), would increase the abundance of leafhoppers to numbers that would cause severe damage to leaves. The severity of the damage is directly related to the amount of stippling visible on the leaves. The stippling causes the leaves to lose their chlorophyll, dry up, and prematurely fall off the vine. The effects of stippling are additive, and it usually happens later in the season.
In developmental studies, Hogg (1985) suggested lower threshold temperatures of 7.6 and 8.0ЊC for female and male potato leafhoppers, respectively. These developmental thresholds were also used by Sher and Shields (1991) . A preliminary analysis with nonlinear regressions of developmental rates, obtained by Kouskolekas and Decker (1966) , indicated that the cardinal temperatures (i.e., lower threshold, optimum, and upper threshold) for potato leafhopper were 10, 31, and 36ЊC, respectively.
In this study, a model driven by the accumulation of degree-days was developed to predict leafhopper cumulative abundance at 5, 50, and 95% levels in vineyards. Such a model would be of practical value because it would optimize sampling effort. It would determine when scouting in the vineyard should be initiated (cumulative 5% level), when maximum abundance would be attained (cumulative 50% level), and when scouting should no longer be necessary (cumulative 95% level). Furthermore, for management purposes, such a model would permit Þeld scouts to optimally determine if leafhopper cumulative abundance exceeded the action threshold for leafhoppers in grapevines.
Materials and Methods
The study was carried out from 1997 to 2003 (1 May to mid-September). The experimental plots were in three commercial vineyards in southwestern Quebec, Canada. Vineyard I was located in Iberville and comprised the cultivars De Chaunac, Cayuga white, and Seyval blanc, which are hybrids between Vitis vinifera L. and various native North American Vitis species. Vineyards II and III were in Dunham and Frelighsburg, respectively, and were comprised only of ÔSeyval blancÕ. The experimental plots had been in production for Ͼ15 yr. In each vineyard, two plots of 50 by 33 m (10 rows) were established for each cultivar. In one of the plots, insecticides were used, whereas the other one was insecticide-free. were applied in the plots whenever needed throughout the growing season to protect the grapevines from powdery and downy mildew. The three vineyards used the same insecticides and fungicides, and the values within the brackets were the rates used in the vineyards.
Direct Counting. One hundred vines per plot were sampled biweekly, at the same date, from 1 May to mid September. In each plot, both sides of leaves between the Þrst and seventh leaf of a grapevine shoot were examined with a hand lens at ϫ16, and leafhopper nymphs were counted. Whenever possible, the nymphs were identiÞed to species. To develop and evaluate the model for monitoring purposes, summations of all E. fabae, E. comes, E. vitis, and E. tricincta nymphs were used. This was based on preliminary observations that had shown that the maximum abundance of these species occurred approximately at the same time, and that there were too few specimens to develop a model for each species. On average, E. fabae comprised 37% of the samples, E. comes 46%, E. vitis 13%, and E. tricincta 4%. Furthermore, nymphs of these species are difÞcult to distinguish visually from each other in the vineyard; moreover, the effect of their damage is similar.
Development of the Model. A total of 36 data sets on leafhopper nymphs were collected from 1997 to 2003 on Cayuga white, De Chaunac, and Seyval blanc grape cultivars. For each data set, the average number of nymphs per leaf was calculated per sampling date. The overall analysis of all the data resulted in the selection of 22 data sets tht satisÞed the following criteria (Table 1) : (1) at least 0.05 nymphs per leaf were obtained on the peak capture date and (2) the distribution of captures in time allowed predictions of 5, 50, and 95% leafhopper cumulative abundance within 20 d of the respective observed dates.
Automatic weather stations located in the proximity of the experimental plots provided the daily air temperatures for the computation of degree-days cumulated since 1 March. The selected data sets were analyzed with DJPheno software (Plouffe et al. 2004) . It contains three modules that (1) select biological and weather information from appropriate databases, (2) estimate degree-day requirements at several lower threshold temperatures and evaluate calculation methods (e.g., average, triangle, sine), and (3) carry out statistical comparisons between observations and predictions from the selected degree-day model. The single sine calculation method was selected to estimate degree-days based on the study of Roltsch et al. (1999) . A total of 151 lower threshold temperatures, from 0.0 to 15.0ЊC, with 0.1ЊC increments, were tested to estimate cumulative abundances of 5, 50, and 95%. The optimum temperature was set to 31.0ЊC as estimated from Kouskolekas and Decker (1966) . The following statistics were used for the analyses of the differences between observation dates (O i ) and prediction dates (P i ): the root mean square error (RMSE), which provided a measure of the magnitude of the difference (equation 1) the mean error (E) that provided a measure of the direction of the difference (equation 2), the forecasting efÞciency (EF) that gave a measure of the goodness-of-Þt (equation 3), and the paired t statistics that provided the probability of a signiÞcant difference between the observations and the predictions (equation 4) (Yang et al. 2000) :
where n is the number of paired observations and predictions, O is the average of all observation dates, and s E is the SEM error (E). A bioclimatic model generating excellent predictions will have values of root mean square error, mean error, and paired t close to 0, and a forecasting efÞciency close to 1. Positive forecasting efÞciencies from 0 to 1 (the closer to 1 the better) indicate that predicted values are better than simply using the mean of the observations. A linear regression of observation dates expressed as a function of predicted dates (i.e., Observation ϭ b 0 ϩ b 1 Prediction) was also obtained to evaluate the correspondence between these values. A bioclimatic model generating excellent predictions will result in an intercept (b 0 ) close to 0 and a slope (b 1 ) close to 1 (i.e., Observation ϭ Prediction).
Using the selected lower threshold temperature and calculation method, the degree-days required for 5Ð100% leafhopper cumulative abundance were estimated in increments of 5%. The Weibull equation (Dumur et al. 1990 , Duthie 1997 , Pennypacker et al. 1980 ) was selected to express the percentage of nymph cumulative abundance (y) as a function of degree-days:
where a is the maximum cumulative percentage, b is the rate of increase, c is the lag in degree-days for beginning of nymph captures, and d is a shape parameter. These parameters were estimated with the Table- Curve 2D software (Systat Software, Point Richmond, CA).
Results and Discussion
The analyses with the second module of the DJPheno software showed that the lowest root mean square error values (7.45, 7.08, and 9.34) were obtained with lower threshold temperatures of 10.4, 12.4, and 0.0ЊC for the 5, 50, and 95% leafhopper cumulative abundances, respectively (Fig. 1) . However, root mean square error Ͻ8.0 were obtained for lower threshold temperatures between 4 and 14ЊC to predict the 5% cumulative abundance, root mean square error Ͻ7.5 for lower threshold temperatures between 3 and 13ЊC to predict the 50% cumulative abundance, and root mean square error Ͻ10.5 for lower threshold temperatures between 0 and 8ЊC to predict the 95% cumulative abundance. Because Hogg (1985) and Sher and Shields (1991) had suggested lower threshold temperatures of 7.6 and 8.0ЊC for female and male potato leafhopper development, respectively, a lower threshold temperature of 8.0ЊC was selected to predict leafhopper cumulative abundance in this study. At this temperature, root mean square error values were 7.88, 7.29, and 10.47 for the 5, 50, and 95% cumulative abundance that are predicted at 643, 850, and 1155 DD, respectively (Table 2 ). Paired t-tests and the forecasting efÞciency statistic conÞrmed the reliability of the predictive model.
To show the predictive potential of this simple degree-day model, a linear regression of observations at the 5, 50, and 95% cumulative abundance stages was calculated, and a R 2 value of 0.82 was obtained ( Fig.   Fig. 1 . Root mean square errors obtained with different lower threshold temperatures for the prediction of (A) 5, (B) 50, and (C) 95% of leafhopper cumulative abundance. 2). To predict the percentage of nymph cumulative abundance at any given degree-day, the following Weibull equation was obtained:
and the results are shown in Fig. 3 . The Þrst derivative of the equation is also shown to illustrate the leafhopper relative abundance as a function of degreedays.
Monitoring for leafhoppers in vineyards should be initiated at 630 DD (5% cumulative abundance; from 27 June to 17 July depending on the accumulation of heat units) and discontinued at 1,140 DD (95% cumulative abundance; Fig. 3 ). Maximum abundance would be attained between 850 and 860 DD (50% cumulative abundance) calculated from 1 March. In Quebec, maximum abundance would be from 14 July to 7 August, again depending on the accumulation of heat units. In Washington State, E. eleganta Osborn and E. ziczac attained maximum abundance in August in 1999 and in July in 2000 (James et al. 2002) .
Because there are presently no action thresholds for leafhoppers infesting Quebec vineyards, a provisional threshold used in New York may be adopted (Martinson et al. 1991) . In New York, control measures are applied whenever Ͼ5 nymphs per leaf are noted in samples collected during the third week of July and Ͼ10 nymphs during the last week of August. In our 36 data sets comprising 7 yr of sampling, captures never exceeded 0.8 nymphs per leaf. Despite these low levels, the risk of rapid leafhopper population build-up causing excessive stippling followed by leaf fall and drying up of vines cannot be ruled out; hence, the usefulness of our scheme to pin-point when sampling should be initiated and terminated. 
